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Donepezil modulates nicotinic receptors of substantia nigra
dopaminergic neurones
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1 The effects of donepezil, one of the most common cholinesterase inhibitors used for treatment of
Alzheimer’s disease, were studied on nicotinic receptors (nAChRs)-mediated postsynaptic currents, in
dopaminergic neurons of the substantia nigra pars compacta, using the patch-clamp recording
technique in slice preparations.

2 Donepezil (10-100 uM) selectively and reversibly depressed nicotine currents, induced by brief
puffer pulses, through a glass micropipette positioned above the slice.

3 The peak amplitude fading of the responses generated by repeated test applications of low doses of
nicotine was accelerated by donepezil, while it slowed the recovery of nicotine currents after a large,
desensitising, dose of the same agonist.

4 Donepezil depressed even maximal responses to nicotine, revealing a noncompetitive mechanism
of action; moreover, the inhibition of nAChRs was voltage and time independent.

5 Pretreatment with vesamicol or methamidophos did not prevent the reduction of nicotine-induced
currents. The data indicated direct effect on nAChR, independent from the activity of donepezil as
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cholinesterase inhibitor.
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Introduction

Neuronal nicotinic acetylcholine receptors (nAChRs) belong
to a family of ACh-gated cationic channels consisting of
different subtypes with distinct anatomical distribution in the
vertebrate central and peripheral nervous system (Paterson &
Nordberg, 2000). Current interest in central nAChRs has been
prompted by their involvement in a large number of
neuropsychiatric disorders such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), epilepsy, addiction and schizophre-
nia (Perry et al., 1995; Paterson & Nordberg, 2000). Despite
their different pathogeneses, these diseases share a common
neurochemical deficit: a dysfunction of nAChRs, which is
probably responsible for part of the clinical symptomatology
(Paterson & Nordberg, 2000; Picciotto & Zoli, 2002). In
particular, an impairment of cholinergic function has been
associated with AD (Perry et al., 1995; Palmer, 2002) and PD
(Quik & Kulak, 2002). Therefore, the most common strategy
to reduce clinical symptoms and ameliorate AD is to amplify
the extracellular concentration of the endogenous neurotrans-
mitter ACh, using acetylcholinesterase inhibitors such as

*Author for correspondence;

E-mail: s.diangelantonio@hsantalucia.it.

3Current address: Dipartimento di Fisiologia Umana e Farmacologia
‘V. Espamer’, Universita La Sapienza, Piazzale Aldo Moro 5, Roma
00185, Ttaly

Advance online publication: 26 January 2004

donepezil, physostigmine, tacrine and galanthamine (Svensson
& Nordberg, 1996; Maelicke et al., 2000; Pereira et al., 2002;
Prince et al., 2002; Santos et al., 2002). When considering the
role of cholinergic dysfunction in PD, cumulative evidence
indicates that stimulation of nicotinic receptors in the basal
ganglia results in functional consequences that include the
control of locomotor activity and protection against nigro-
striatal degeneration. Restoring the physiological activity of
the cholinergic system may thus represent an important
strategy for the symptomatic treatment of Parkinson’s disease,
or for long-term neuroprotection (Quik & Kulak, 2002).
Furthermore, it has been shown that the AChE inhibitor
donepezil, currently used in the treatment of Alzheimer’s
disease, increases the cognitive performances of PD patients
with cognitive impairment (Aarsland et al., 2002).
Nevertheless, it has been widely demonstrated that some of
the drugs that are commonly used to enhance the ACh levels in
the brain, namely AChE inhibitors, exert complex action on
the cholinergic system. In fact, while they inhibit AChE
activity in the brain, they also interact, at higher concentra-
tion, with the nicotinic receptor itself, via complex mechanisms
of action. For instance, galanthamine and physostigmine have
been classified as allosteric potentiating ligands of nAChRs
(Pereira et al., 2002), while tacrine has been demonstrated to
behave as an open-channel blocker of such receptors (Prince
et al., 2002). Recent data have shown that donepezil, one of the
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most commonly used AChE inhibitors in the AD therapy,
produces a concentration-dependent inhibition of ACh-evoked
nicotinic responses in HEK-293 cells expressing the human
o042 nAChR (Samochocki et al., 2003). However, the
mechanism accounting for this inhibition and whether this
behaviour is observed in the native receptor from the brain is
still unknown.

Dopaminergic neurones of the substantia nigra pars
compacta (SNc) express high postsynaptic levels of the typical
central nicotinic a4f2 receptor (Klink et al., 2001), that can be
activated and desensitised by nicotine (Calabresi et al., 1989;
Pidoplichko er al, 1997, Wooltorton et al., 2003). The
consideration that partial loss of central nicotinic receptors
occurs in Parkinson’s disease, together with reports that
nicotine treatment relieves some of the symptoms of this
disorder (Quik & Kulak, 2002; Paterson & Nordberg, 2000),
makes dopaminergic neurones of the SNc a useful model to
study the interaction of donepezil with native nAChRs.

Methods
Slice preparation for electrophysiology

Wistar rats, 4-5-weeks old, were anaesthetised with halothane
and subsequently killed by decapitation. All experiments
followed international guidelines on the ethical use of animals
from the European Communities Council Directive of 24
November 1986 (86/609/EEC). The brain was rapidly removed
from the skull and horizontal midbrain slices (240 um) were cut
in cold (8-12°C) artificial cerebrospinal fluid, using a
vibratome, and left to recover at 34°C for at least 1h. Slices
were separately placed in a recording chamber, on the stage of
an upright microscope (Olympus BX50WI) and submerged in
a continuously flowing (2.5mlmin™") solution at 34°C.
Artificial cerebrospinal fluid (ACSF) composition was the
following (in mM): NaCl, 126; KCl, 2.5; MgCl,, 1.2; CaCl,,
2.4; NaH,PO,, 1.2; NaHCO;, 19; glucose, 11; saturated with
95% 05, 5% CO, (pH 7.4).

Patch-clamp recordings

Neurones were visualised with infrared Nomarski video
microscopy. Patch-clamp recordings were obtained using glass
electrodes (3-4MQ) filled with (in mM): 115 K-methylsul-
phate, 20 NaCl, 1.5 MgCl,, 5 HEPES, 0.1 EGTA, 2 ATP, 0.5
GTP (pH 7.3, with KOH). Membrane currents were recorded
with a patch-clamp amplifier (Axopatch 1D; Axon Instru-
ments, U.S.A.), filtered at 1 kHz, digitised (10 kHz) and stored
on computers using the pClamp9 software (Axon Instru-
ments). Dopaminergic neurones were identified electrophysio-
logically on the basis of a prominent hyperpolarisation-
activated current [, at negative voltage steps, and a typical
voltage sag when negative current steps were applied in the
current-clamp mode (Mercuri et al., 1995).

Drugs and application method

Donepezil, methamidophos (Fluka) and Vesamicol (Tocris)
were applied to the slice via the perfusion system. In order to
minimise receptor desensitisation, nicotine (Sigma) was deliv-
ered by pressure application (10-20psi) from glass micro-

pipette positioned over the slice in correspondence to the
recorded neurone (Di Angelantonio & Nistri, 2001). Donepezil
hydrochloride was a gift from Professor M.A. Sortino.

Evoked synaptic currents

Excitatory postsynaptic currents (EPSCs) were evoked in
dopaminergic cells using a bipolar Ni/Cr stimulating electrode,
placed 50-100 um rostral to the recording electrode. To evoke
a stable EPSC, each stimulus of 150-300 us at 20-50 mV was
delivered every 30s. In order to block the fast GABAergic
synaptic currents, picrotoxin was applied (100 um).

Electrophysiological data analysis

Data are presented as mean+s.e.m., with statistical signifi-
cance assessed using Wilcoxon test (for nonparametric data) or
paired z-test (for normally distributed data). A value of
P<0.05 was accepted as indicative of a statistically significant
difference. Data represented in the dose-response curves are
derived from repeated experiments; on each cell, all doses of
nicotine or donepezil were applied. The 1Csy values (concen-
tration producing 50% reduction in nicotine current ampli-
tude) for donepezil block were calculated using the following
equation:

I

(D

where [, and I, are amplitudes of blocked and control currents,
[B] the donepezil concentration and ny the Hill coefficient
(Origin 6.0, Microcal, Northampton, MA, U.S.A.); zero for
the fit was set when, in the absence of agonist, the holding
current was unchanged.

Results
Modulation of nicotine responses by donepezil

When nicotine was applied onto a dopaminergic neurone via a
puffer pipette positioned above the slice, a rapid inward
current developed, mediated by the activation of postsynaptic
nAChRs. The current was indeed blocked by the nAChRs
antagonist dihydro-f-erythroidine, and was left unchanged by
applying tetrodotoxin 1 uM.

Figure la shows inward currents generated by nicotine
applied on a dopaminergic neurone, via brief (100 ms) pressure
pulses from a glass pipette filled with nicotine 1 mM (final
dilution in ACSF), to minimise rapid desensitisation (Khiroug
et al., 1997; Di Angelantonio & Nistri, 2001) (Figure 1a, left).
When the same pulse was delivered in the presence of the
acetylcolinesterase inhibitor donepezil (100 uM; bath applied
for 5min), the inward current was reduced (53%; Figure la,
middle), without any direct action of donepezil on the resting
membrane conductance or holding current. On average, the
current was reduced to 57+ 3% of the control (n=16) and the
depression was reversible on donepezil washout (Figure la,
right).

British Journal of Pharmacology vol 141 (4)



646 S.D. Angelantonio et al

Donepezil modulates neuronal nicotinic receptors

154
A donepezil 100 pM wash
donepezil 100 uM
nic nic nic =]
100 ms 100 ms 100 ms s 1
v v L) £
u gp—— 4| f—"—* _3
I/ =
{ I'} 0.5
<
=
it
5 0 - + - - - - 1
0 W0 200 300 400 S00 600 700
time (s)
c d
7 Atropine 3 uM
- control 1 min 3 min 2 min 5 min
E donepezil donepezil wash wash
§ 30 uM 30 uM
*
B o0s i
g Tz
= ICs = 85 1M g
E _ _/L\
i - —
) . . . i i i i 1
0.1 1 10 100 i nic fie nic nic
donepezil (uV) 100 ms 100 ms 100 ms 100 ms 100 ms

Figure 1 Depression of nicotine-induced responses by donepezil. (a) Current records obtained with 100 ms nicotine (1 mM pipette
concentration; left), 3 min after starting bath application of donepezil (100 uM; middle) and 2 min after donepezil washout. Note the
reversible reduction in nicotine current amplitude. (b) Time course of depression of nicotine currents (1 mM pipette concentration,
100 ms application) after application of 100 uM donepezil to six neurones. (c) Plot of the fractional reduction in current amplitude
against different log concentrations of donepezil (ranging from 1 to 200 uM). The test pulse (50 ms, 1 mM) of nicotine was the same
for all concentrations of donepezil (n=4, 20 cells). The calculated ICs, value for donepezil was 85+ 10 uM. (d) Current-clamp
recording from one DA neurone on which 100 ms nicotine puff induces firing of three action potentials in control; 30 uM donepezil
application reduces to one action potential the response to the same nicotine puffer pulse after 1 min, and to zero after 3 min. Partial

recovery is shown after 3 min washout.

Dynamics of nicotine current reduction by donepezil

Figure 1b shows the time course of donepezil-induced
depression for six neurones. It is noteworthy that, after
2.5min of donepezil application, the extent of depression
reached a steady state and that recovery was achieved 3 min
after drug washout.

Figure 1c shows a plot of the fractional reduction in current
amplitude against different log concentrations of donepezil.
Donepezil concentrations (ranging from 1 to 200 uM) were
tested on responses evoked by the same pulse duration of
nicotine (50 ms, 1 mM; n=10). From these data, the calculated
1Cs, value for donepezil was 85+ 10 uM. This value is far from
the inhibitory potency of donepezil towards AChE activity,
that is 6.7nM in vitro (Ogura et al., 2000). This behaviour is
reminiscent of other AChE inhibitors, such as galantamine and
physostigmine, that bind to and modulate nAChR at
concentrations higher with respect to their potency in
inhibiting AChE (Samochocki et al., 2003).

Donepezil makes dopaminergic neurones less excitable in
the presence of nicotine

Additional support for a direct effect of donepezil on nAChR
activity was obtained from current-clamp recordings of
dopaminergic neurons of the SNc. The bath solution contained
3 uM atropine to block the effect of free ACh on muscarinic
receptor when inhibiting AChE. In six of six cells tested, short
(50-500ms) puffer pulses of nicotine increased the firing
frequency to 150+35% (in accordance with Mansvelder &

McGehee, 2002), but they also caused strong membrane
depolarisation and consequent block of firing. For this reason,
cells were manually hyperpolarised to —70mV with DC
current injection. In the example given in Figure 1d, the cell
hyperpolarised manually to =70 mV fired three action poten-
tials (APs) in response to 100 ms puff of nicotine. After 1 min
of donepezil application (30 uM), the same nicotine puff
evoked one AP, and after 3min of application the cell was
not any more able to fire APs. After donepezil washout, the
cell gradually recovered its original firing pattern (Figure 1d).
This result was reproduced in six cells.

Donepezil action depended on nicotine dose, but not on
membrane potential

Further tests were performed to characterise the mechanism
underlying the depression by donepezil of nicotine-mediated
currents. Figure 2a shows that increasing the duration (10—
5000 ms) of 1 mM nicotine pulses yielded a progressively larger
current with saturation at 1s pulses. When the same protocol
was repeated in the presence of 100 uM donepezil (5 min bath
preapplication), currents were reduced at each tested nicotine
pulse duration. Thus, the plot was downward shifted by the
application of donepezil, a pattern of action which could
account for a noncompetitive antagonism over nAChRs.
Taking the average responses at approximately the midpoint
of the curve (100ms), 100 uM donepezil application gave a
40+ 10% depression from control conditions (n=12, P<0.05
for all nicotine doses). We tested the possibility that the puffer
application of nicotine could wash donepezil off from the cell,
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Figure 2 Donepezil allosterically modulates nicotinic receptors. (a) Plot of nicotine current amplitude versus increasing duration of
nicotine pressure pulses in control solution and in the presence of donepezil. Ordinate, current amplitude normalised with respect to
the response evoked by 50ms in control solution for each neurone. Abscissa, pulse duration of nicotine (1 mM) applications.
Donepezil (100 uM) was applied for ~5min (n=12). Note that the data points for nicotine in donepezil solution (filled circles)
differed significantly from the corresponding controls (filled squares) with P<0.01 for 10-500 ms, P<0.05 for 1, 2 and 5s. (b) Bar
chart showing an equivalent degree of peak current depression exerted by donepezil at three different holding potential (—30, —60,
—90mV, n=35). (c) Superimposed current response in control (black) and in the presence of 10 uM donepezil (grey) to repeated
pulses of nicotine (0.01 Hz). Note that, in the presence of donepezil, the extent of desensitisation is more pronounced. (d) Plot of
current peak amplitude, normalised with respect to the first response to nicotine, in control condition and in the presence of low
donepezil doses (10 uM) for a 0.1 Hz pulse application. (¢) Histograms of averaged t values for current amplitude decay for repetitive
puffer pulses in control and in the presence of 10 uM donepezil. Note that donepezil enhances the desensitisation induced by

repetitive stimulation.

especially for longer application of nicotine, by changing the
puffer pipette during the experiment. The first puffer pipette,
filled with 1 mM nicotine, was used for monitoring the cell in
control and in donepezil. In control, condition 1s pulse of
nicotine was elicited and an inward current of 564+ 30pA;
when the steady state of donepezil application was reached, the
same application of nicotine elicited a current of 440440 pA.
The reduction in the peak current was then 22 +6% (n=3). At
this time, the puffer pipette was changed with a second one
filled with 1mM nicotine plus 100 uM donepezil that was
positioned nearly at the same distance from the recorded
neuron. The accessibility of the cell in the slice was the limiting
factor for using this protocol; however, in three cells 1s
application of nicotine plus donepezil gave a current of
396 +40 pA, very similar to the one obtained with nicotine
alone. This indicates that the puffer application of nicotine did
not wash off donepezil from the recorded cell.

We then explored the possibility that the antagonism exerted
by donepezil could be altered when the cell membrane
potential was changed, as would be expected for an open-
channel blocker. Donepezil is a tertiary amine with a pK, value
of 8.82, which means that, at pH = 7.4, 96% of this compound
will be protonated, making possible its interaction with the
strong negative charges inside the nicotinic channel.

However, histograms in Figure 2b show that donepezil
elicited a similar reduction in nicotine current amplitude at

—90, —60 or —30mV holding potential. On average, the
depression at —90mV was 45+7%, a value thus not
significantly different (n=35, P>0.05) from that observed at
—60mV (39+5%), and from that observed at —-30mV
(434+10%). These data, therefore, suggested that the block
by donepezil of nicotinic receptor-mediated responses was
voltage independent, making unlikely the possibility of a
channel block by donepezil.

Donepezil facilitates nAChR desensitisation

A mechanism that could account for the reduction of nicotine-
induced currents exerted by donepezil is facilitation of the
desensitisation process, as proposed for substance P (Clapham
& Neher, 1984; Simmons et al., 1990; Valenta et al., 1993).
This process could account for the depression observed also
for responses induced by large doses of nicotine (33+6% for
2s pulse), which are known to be prone to desensitisation
(Valenta et al., 1993; Khiroug et al., 1997, 1998). Figure 2c
shows an example of superimposed current responses to
repeated nicotine pulses (50 ms, 1 mM, 10s intervals). When
this protocol was applied in the presence of low doses of
donepezil (10 uM, 5min preincubation), the extent of desensi-
tisation was more pronounced. Namely, the I /I ratio was
0.78 in control and 0.18 in the presence of donepezil, even if
the peak amplitude induced by the first nicotine pulse was

British Journal of Pharmacology vol 141 (4)
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unchanged. The inset in Figure 2c¢ shows the response to
nicotine in control and in donepezil at the end of the
desensitisation protocol, superimposed and scaled to the peak.
The deactivation of the current evoked by brief puffer pulses of
nicotine (50 ms) was left unchanged by donepezil application,
indicating that the reduction in the peak amplitude was not
due to a change in the kinetics of the channel. Figure 2d shows
the averaged data, normalised with respect to the first response
to nicotine (n=15), for repetitive nicotine pulse applications
(0.1 Hz) in control condition and in the presence of donepezil
10 uM. For each neuron, in which this protocol was applied,
taking the peak amplitude of five currents elicited by the same
S0ms pulse of nicotine at a frequency of 0.1 Hz, the time
course of peak amplitude reduction in control and in the
presence of donepezil were plotted versus time, and the
resulting curve was fitted by a monoexponential decay
function. Averaged t values are reported in the histograms in
Figure 2e. A highly significant decrease of t values from
62+16to 8+1s (P<0.01, n=>5) was observed in the presence
of 10 uM donepezil.

Donepezil accelerates fading of desensitised responses to
nicotine

In order to better characterise how donepezil could interfere
with the process of nAChR desensitisation, we induced

receptor desensitisation using the classical protocol of Katz
& Thesleff (1957), in control and in the presence of 30 uM
donepezil. The protocol consisted of repeated test applications
(every 30 s) of a nondesensitising dose of nicotine (50 ms, 1 mM
pipette concentration, Figure 3a left, first arrow), followed by
a conditioning dose (2 s pulse, | mM nicotine) of the same drug,
which elicits a desensitising inward current (for details, see
Khiroug et al., 1998). After this conditioning pulse, the test
pulse was resumed at the same rate to monitor the time course
of nAChR recovery from desensitisation. When the same
protocol was applied in the presence of 30uM donepezil
(Figure 3a; bottom traces), the peak amplitude of currents was
depressed as expected (cf. Figure 1); in addition, the fading of
the response to the conditioning pulse was faster and the
recovery from desensitisation largely delayed. The fading of
the 2's nicotine-evoked currents, in control and in the presence
of 30uM donepezil, were fitted by a monoexponential
function. In control condition, the 7 value (Tyecay—2spuise) Was
1205+ 111 ms, while in the presence of donepezil (30 um
preapplied for 5min) was significantly faster 597+ 180 ms
(n=6, P<0.01; Figure 3b).

Recovery from desensitisation is delayed by donepezil

Recovery from desensitisation was also significantly reduced
by donepezil (Figure 3a). This was calculated by plotting the
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Figure 3 Donepezil promotes nAChR desensitisation. (a) Current records induced by nicotine obtained with a conditioning pulse
protocol consisting of repeated test applications of a nondesensitising dose of nicotine, before (first trace) and after a conditioning
(desensitising; 2s) dose, to monitor the time course of nAChR recovery from desensitisation. This protocol was tested in control
conditions (top traces) and in the presence of donepezil 30 uM (bottom traces). In the presence of donepezil, the current peak
amplitude is depressed and the extent and time course of recovery from desensitisation is largely delayed. (b) Bar chart showing that
donepezil produces a significant acceleration of current fading, for desensitising nicotine pulses (2s). (c) Average time course of
recovery from desensitisation (evoked by 2 s nicotine application) obtained from a sample of six cells in control conditions and in the
presence of 30 uM donepezil. (d) Average values of T,.oery Obtained by fitting with an exponential function recovery from
desensitisation for each neurone (n=6). Note that, in the presence of donepezil, the Tecovery Was significantly shortened (from
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British Journal of Pharmacology vol 141 (4)



S.D. Angelantonio et al

Donepezil modulates neuronal nicotinic receptors 649

ratio I/Ii.s versus time, where I and [, were the nicotinic
currents evoked after and before the conditioning pulse,
respectively (Figure 3c). The time course of the recovery was
fitted by a monoexponential function characterised by a 7
value (Trecovery). The averaged values of Tiecovery in control and in
the presence of donepezil (30 uM) show significant reduction
from 132+ 13 s (control) to 59 +9s (donepezil, P<0.01, n=06).
These data indicate that donepezil interacts with both onset
and offset of the nAChRs desensitisation process (Figure 3d).

Action of donepezil on nAChRs is independent from the
block of AChE

In order to analyse if the facilitation of nAChR desensitisation
displayed by donepezil was due to an increased level of free
ACh in the tissue, or to a direct allosteric modulation of
nicotinic receptor, slices were depleted of ACh by treatment
with vesamicol 5uM (Zhou et al., 2001; 2002). Figure 4A, B
shows that 5 uM vesamicol was effective in depleting ACh.

It has been previously shown that AChE inhibition leads to
a reduction of evoked EPSCs in dopaminergic neurons of the
SNc, due to the activation of presynaptic muscarinic receptors
(Grillner et al., 1999). Accordingly, donepezil 100 uM rever-
sibly depressed EPSCs to 75+2% (n=15, P<0.05) of control.
Figure 4A, B shows that, after donepezil washout (10 min) and
15 min incubation with 5 uM vesamicol (dashed line), the same
application of donepezil did not affect EPSCs, indicating that
no tonic ACh was released under vesamicol (97 +2%, n=35,
P>0.05). Conversely in the presence of 5uM vesamicol,

Aa Ab

donepezil was still effective in reducing nicotine-induced
currents (Figure 4C). Moreover, the extent of depression for
all donepezil concentrations tested was very similar in control
and after vesamicol application, as shown by histograms in
Figure 4D (n=06). Finally, on these cells, the treatment with
vesamicol did not interfere with the facilitation of desensitisa-
tion, as indicated by the significant shortening of the
Tgecay-2sputse Value, that was 1053+124ms in vesamicol, and
620+80ms when 30uM donepezil was added (n=15). This
acceleration of the decay was very similar to the one observed
with donepezil alone, suggesting that donepezil directly
interacted with nAChRs, via a mechanism different from the
AChE block. This action may be carried out by binding to an
allosteric site of the nAChR itself, and then facilitating the
desensitisation process of such receptors (Valenta et al., 1993;
Lester & Dani, 1995; Khiroug et al., 1998; Dani et al., 2000;
Quick & Lester, 2002). In order to address more directly this
hypothetical interaction between donepezil and the desensiti-
sation process of nAChR, we tested the ability of donepezil to
affect responses elicited by carbachol, an agonist of nAChRs,
which is less prone to desensitisation. In the presence of 3 uM
atropine, to block muscarinic responses, charbachol-induced
current (3mM pipette concentration, 200ms pulse) was
41+6pA (n=4). When, on the same cells, the same pulse of
carbachol was applied in the presence of donepezil 100 uM, the
current was 24+4 pA. The reduction of the peak current was
then 41+4% (n=4), indicating that, besides altering the
kinetics of desensitisation, donepezil is also inhibiting the
function of the channel in other ways.
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Figure 4 In the presence of vesamicol, donepezil still reduces nicotine currents but not EPSCs. (A) Representative experiment
showing the effect of blocking AChE with donepezil on EPSCs, recorded in control condition and in the presence of 5 uM vesamicol.
(A) When donepezil was applied in control condition, the higher levels of free ACh produce a reduction of EPSCs. (B) When the
same protocol was applied in the presence of 5uM vesamicol (preapplied for 15min), donepezil application did not affect EPSCs
amplitude. (B) Averaged EPSCs amplitude in control, and in the presence of 100 uM donepezil, before and during treatment with
5 uM vesamicol (n=15). (C) Current records obtained with 50 ms pulses of 1 mM nicotine. Donepezil depresses nicotine-evoked
current in control condition and in 5uM vesamicol. (D) Average value of peak amplitude reduction obtained with donepezil in
control conditions and in the presence of 5 uM vesamicol. Note that the extent of depression does not depend on the block of AChE;

data are from six neurones.
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Specificity of donepezil action

In order to address the specificity of donepezil action, we
examined whether donepezil affected the postsynaptic re-
sponses to AMPA, another fast-acting receptor channel
agonist (Gotz et al., 1997). When AMPA was delivered via
puffer application onto four dopaminergic neurons of the SNc
(10 uM; pipette concentration, 500 ms), inward currents were
recorded. Bath application of 100uM donepezil did not
produce any depression of these currents (98 + 5%, n=4; data
not shown).

Pretreatment with methamidophos does not prevent
donepezil inhibition of nAChRs

It is well known that organophosphoric agents completely and
irreversibly bind to the active site of AChE (Aldridge &
Reiner, 1969; Aldridge, 1981). Taking advantage of this
properties, we examined the action of donepezil on nAChRs
under a complete inhibition of AChE by methamidophos
(Camara et al., 1997). Methamidophos (200 uM) was pre-
applied to the slice for 15min, and then washed before
donepezil application. Figure 5a shows a representative
experiment in which the application of 100 uM donepezil, after
AChE block, reduced the nicotine-induced current in a
reversible manner, by 51%. On a sample of six cells, the same
application of 100 uM donepezil, after AChE block, caused a
reduction of 45+10% (n=6, P<0.05; Figure Sb). When
donepezil was applied onto dopaminergic cells in untreated
slices, the reduction in nicotine current amplitude was 44 +6 %
(n=12), a value very similar to that obtained for treated slices
(Figure 5c). These data confirm that donepezil, besides
inhibiting AChE, does also exert a direct antagonism over
postsynaptic nAChRs.

Discussion

The main finding of the present study is the demonstration of
an allosteric modulation by donepezil of neuronal nAChRs in
SNc¢ dopaminergic neurones. This was evidenced by a rapid
onset and agonist-insurmountable inhibition of inward cur-
rents evoked by pulse applications of nicotine. Such an effect
was distinct from the inhibition of AChE exerted by donepezil,
in view of its persistence even in the absence of free ACh or
when AChE had previously broken down. The interaction of
donepezil with central nicotinic receptors suggests that it may
play an important role in the modulation of fast neuronal
signalling. Donepezil action appeared to be specific for
nAChRs, since AMPA receptor-mediated responses were
insensitive to this drug, in the same neurones.

Characteristics of the action of donepezil on nicotine-
mediated responses

Donepezil strongly depressed the inward currents induced by
nicotine without changing the baseline-holding current of the
dopaminergic cells. The extent of inhibition was unrelated to
ACHhE inhibition, since depletion of ACh with vesamicol did
not prevent donepezil action. This suggests that donepezil
interacts directly with the nicotinic receptors.
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Figure 5 Pretreatment with methamidophos does not prevent
donepezil reduction of nicotine currents. (a) Current records evoked
by 50ms pulse of nicotine (1 mM) after pretreatment with 200 uM
methamidophos, during application of 100 uM donepezil, and after
washout. Note that donepezil was still able to depress nicotine-
evoked current in a reversible manner even following pretreatment
with methamidophos. (b) Histograms plotting the average reduction
of nicotine-evoked currents when donepezil was applied after
methamidophos; data are from five neurons. (c) Histograms
summarising the average reduction in nicotine current amplitude
in the presence of donepezil for control slices and for slices
pretreated with methamidophos.

Donepezil, a tertiary amine which is almost fully protonated
at physiological pH, may block receptor channels opened by
nicotine in a manner similar to that of other substances, like
local and general anaesthetics (Neher & Steinbach, 1978; Mori
et al., 2001), tacrine (Prince et al., 2002), or mecamylamine
(Giniatullin er al., 2000). However, this mechanism seems
unlikely, since donepezil effect was voltage-independent
throughout a wide range of membrane potentials.

The use of nonequilibrium responses to nicotine, and the
puffer-application protocol strictly precluded quantitative
pharmacological analysis of donepezil antagonism. Recent
work, however, has indicated that the amount of agonist
delivered by 10- to 50-ms puffer (1 mM) application closely
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corresponds to superfusing 20-100 uM nicotine (Di Angelan-
tonio & Nistri, 2001), thus, providing a relatively narrow range
of agonist concentrations. On the other hand, an advantage in
the use of puffer application of agonist is that, with short
pressure applications, receptor desensitisation is minimised
and the agonist can be quickly delivered, to mimic the natural
course of action of the endogenous transmitters.

Even with the interpretation constraints imposed by using
nonequilibrium responses to brief pulses of nicotine, it was
clear that donepezil blocked all responses to nicotine and that
increasing the amount of nicotine delivered to the cell did not
counteract the inhibitory effect of donepezil. Indeed, the graph
plotting the fractional response amplitude versus the amount
of nicotine delivered by pressure pulse showed a downward
shift in the presence of donepezil. This observation is
consistent with a noncompetitive antagonism of donepezil on
nicotinic receptors.

A process that could account for the effect of donepezil is
the facilitation of desensitisation, as proposed for substance P
(Clapham & Neher, 1984; Simmons et al., 1990; Valenta et al.,
1993). Since nAChRs undergo profound desensitisation (for a
review, see Quick & Lester, 2002), this process appears to be
one potential target for the inhibitory action by donepezil. In
general, nAChR desensitisation is observed as a decline in the
macroscopic current response during continuous exposure to
neurotransmitter, with an onset kinetics that depends on
agonist exposure time and concentration. It has long been
thought that neurones may utilise desensitisation to regulate
receptor function, although it is not clear how extensive this
phenomenon occurs under physiological conditions (Huganir
& Greengard, 1990).

In agreement with this hypothesis, we found that responses
induced by large doses of nicotine, which are more prone to
desensitisation (Valenta et al., 1993; Lester & Dani, 1995;
Khiroug et al., 1997, 1998; Quick & Lester, 2002), were
inhibited by donepezil.

Moreover, in the presence of donepezil, responses induced
by nicotine showed acceleration of the current decay and
reversible depression to subsequent application of the same
agonist. When the process of desensitisation was induced using
the classical protocol of Katz & Thesleff (1957), not only was
the peak current depressed in the presence of donepezil, but
also recovery from desensitisation was largely delayed.

From these observations, the emerging pattern of donepezil
action is binding to an allosteric site on the nAChR, to
generate transient downregulation of nicotinic receptor
activity.
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